We investigate the variation in fracture strength of graphene with temperature, strain rate, and crack length using molecular dynamics ͑MD͒ simulations, kinetic analysis of fracture with a nonlinear elastic relation, and the quantized fracture mechanics theory. Young's modulus does not vary significantly with temperature until about 1200 K, beyond which the material becomes softer. Temperature plays a more important role in determining the fracture strength of graphene. Our studies suggest that graphene can be a strong material even, when subjected to variations in temperature, strain rate, and cracks.
I. INTRODUCTION
The observation of novel properties at nanoscale, including material properties, has intensified the design and development of nanoelectromechanical-systems ͑NEMS͒ for various applications. A significant number of studies have been performed on one-dimensional nanostructures, such as nanowires and nanotubes, to understand their mechanical, electrical, thermal, and optical properties at nanoscale. The mechanical properties of nanostructures, especially their stiffness and strength, need to be carefully understood as they can be the key factors in determining the stability and lifetime of many potential NEMS applications. Extensive experimental and numerical simulations have been performed to understand mechanical properties of nanostructures including carbon nanotube ͑CNT͒, 1,2 silicon nanotube ͑SiNT͒,
3
GaN nanotube ͑GaNNT͒, 4 silicon carbide ͑␤-SiC͒ nanowire, 5, 6 silicon nitride ͑␣-Si 3 N 4 ͒ nanowire, 7 Gold nanowire, 8, 9 Pd-Pt nanowire, 10 and glass silica nanowire.
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The ultimate strength of these nanostructures have been measured or calculated to be 11-83 GPa for CNT, 7-10 GPa for SiNT, 18-66 GPa for GaNNT, 17-110 GPa for ␤-SiC, GPa for ␣-Si 3 N 4 , 2-8 GPa for gold nanowires, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] GPa for Pd-Pt nanowires and 9-26 GPa for glass silica nanowires. The variation in the strength mainly depends on the critical size ͑e.g., diameter͒, temperature and strain rate. Temperature and strain rate have been shown to play an important role in determining the tensile strength and tensile strain of the CNTs. 12 Pristine nanostructures are somewhat difficult to fabricate at the nanoscale and defects can play an important role in significantly altering the strength of the nanostructure. For example, the tensile strength of CNTs can be reduced to 60% of the pristine tube value if vacancies are present. 13 The crack length is more important compared to the crack shape in determining the tensile strength of defective CNTs.
14 All these studies and results indicate that temperature and defects can play an important role in determining the tensile strength of one-dimensional nanostructures.
Ever since graphene was first observed, 15 several studies have shown that graphene is a stable two-dimensional lattice with exceptional electronic and optical properties. 16, 17 Recent experiments have shown graphene to be the strongest material currently known 18 with fracture strength of 130Ϯ 10 GPa at room temperature and stiffness as high as 1 TPa. The excellent mechanical, electrical and optical properties of graphene makes graphene a promising twodimensional material for NEMS and other applications. As a result, it is important to more clearly understand and accurately estimate the strength and stiffness of graphene under various conditions. Using ab inito calculations, the tensile strength of graphene under uniaxial tension has been shown to depend strongly on the chirality of graphene with the maximum Cauchy stress of 110 GPa in the armchair direction and 121 GPa in the zigzag direction. 19 Using classical molecular dynamics ͑MD͒ simulations, the Young's modulus of graphene nanoribbons has been shown to increase with size of the nanoribbon and approach 1 TPa for bulk graphene. 20 The variation in the tensile strength of graphene with crack length for uniaxial tension in the armchair direction has also been studied and compared with the classical fracture mechanics theory. 21 To further accelerate the design and development of graphene-based nanodevices, in this paper, we perform systematic studies to understand the dependence of fracture strength of graphene monolayer on temperature, strain rate and crack length. We develop a theoretical framework for fracture strength and fracture strain as a function of temperature and strain rate for the pristine monolayer graphene based on the kinetic analysis of fracture. We further use the quantized fracture mechanics ͑QFM͒ theory to predict the relation between fracture strength and crack length of graphene. The theoretical predictions have been compared with classical MD simulations. The rest of the paper is organized as follows. In Sec. II, we introduce the basic concepts and discuss kinetic analysis of fracture. In Sec. III, we briefly introduce the QFM theory. Results and discussion on the variation in fracture strength with temperature, strain rate and cracks are given in Sec. IV. Comparison between numerical results and theory is also presented in Sec. IV and conclusions are given in Sec. V. 
II. KINETIC ANALYSIS OF FRACTURE
Systematic experimental investigations have shown that stress and temperature are two dominant factors that determine the lifetime of a loaded solid. 22 In the thermal activation theory of Eyring, 23 the Arrhenius formula 24 relates the lifetime as a function of tensile stress and temperature T by the expression
where 0 / n s is the pre-exponential factor, 0 is the vibration period of atoms in solid, n s is defined as the number of sites available for the state transition, U 0 is the interatomic bond dissociation energy, and ␥ = qV, where V is the activation volume and q is the coefficient of local overstress, and k is the Boltzmann constant. The lifetime , defined as the time taken for a stressed solid to breakdown, is directly related to the energy barrier U 0 − ␥ and the temperature T, by the Maxwell-Boltzmann distribution. The energy barrier is typically lowered by the applied tensile stress and the thermal motion of atoms can also overcome the energy barrier and result in bond dissociations.
In the uniaxial tensile test, when the tensile stress varies with time, i.e., if = ͑t͒, the rule of partial lifetime summation leads to the Bailey's principle, 25 which states that the fracture is initiated when
where t r is the time to failure. The fracture strength r is defined as the stress in the structure when breakdown occurs. With constant strain rate, ͑t͒ is directly related to the constitutive relation of the material. For a linear elastic ͑LE͒ material, with Young's modulus K, , and r can be defined as
Substituting Eqs. ͑1͒ and ͑3͒ into Eq. ͑2͒, we have
which shows the linear relation between fracture strength and temperature, where ln͑␥K⑀ 0 / n s kT͒ can be considered as a constant. 12, 26 The corresponding fracture strain ⑀ r and the transition time t r can be obtained as
Graphene has been shown to exhibit nonlinear elastic ͑NLE͒ behavior under uniaxial tension. 19, 20 In order to develop an explicit analytical expression for r , we define ͑t͒ under constant strain rate using two parameters a and b as ͑t͒ = a ln͓b⑀͑t͒ + 1.0͔ = a ln͓b⑀t + 1.0͔. ͑7͒
Thus, r can be defined as r = a ln͓b⑀t r + 1.0͔. Substituting Eq. ͑7͒ and Eq. ͑1͒ into Eq. ͑2͒, we have
The fracture strain and the transition time are defined as
͑10͒
When b → 0, the NLE relation given in Eq. ͑7͒ can be shown to reduce to the LE relation Ϸ ab⑀ using the Taylor series expansion and neglecting the second and higher order terms. The corresponding fracture properties, Eqs. ͑8͒-͑10͒, will reduce to the expressions given in Eqs. ͑4͒-͑6͒. Thus, with the kinetic analysis of fracture, analytical expressions relating the fracture strength under uniaxial tensile test as a function of temperature and strain rate can be developed.
III. QUANTIZED FRACTURE MECHANICS
In the LE fracture mechanics theory, the well established Griffith's 27 criterion implies that a crack can form or grow only if the process causes the total energy to decrease or remain constant. When the variation in the total potential energy dW, corresponding to a virtual increment of the crack surface dA, becomes equal to the energy spent to create the new free crack surface, i.e., dW + G c dA = 0, the crack will propagate, where G c is the fracture energy. However, in nanoscale, the crack propagates in a discrete manner, whenever one interatomic bond is broken. Recently, a new energybased QFM ͑Refs. 28 and 29͒ theory has been formulated by substituting the differentials in Griffith's energy balance with finite differences, in order to take into account the underlying crystal structure. Under mode I loading, a blunt crack on a finite width plate is considered in our study. The plate width is defined as 2w, the crack length is defined as 2L and the tip radius of the crack is defined as . The fracture strength using QFM is given by 28, 30 f ͑L͒ = r ͑⑀,T͒ͱ
where r is the fracture strength of the defect-free lattice, 2w is the finite width of the plate, and L 0 is the fracture quantum defined as the minimum crack extension corresponding to the breaking of one interatomic bond along the crack direction. For the defect-free structure, as L = 0 and = 0, Eq. ͑11͒ can be simplified as f ͑0͒ = r . Even though QFM theory is based on discrete crack propagation, it assumes that the medium is linear and elastic. For NLE behavior, corrections 29 have been reported. However, when fracture occurs in the LE region due to the slit cracks, the corrections can be neglected. Thus, Eqs. ͑8͒ and ͑11͒ serve as the theoretical approximations of the fracture
IV. RESULTS AND DISCUSSION

A. Pristine graphene
In order to investigate the mechanical properties of graphene under various temperatures and loading conditions, MD simulations are performed using LAMMPS ͑Ref. 31͒ with the adaptive intermolecular reactive empirical bond order ͑AIREBO͒ potential. 32 AIREBO potential has been shown to accurately capture the Young's modulus of graphene 20 as well as bond breaking and bond reforming between carbon atoms. The cutoff parameter is set to be 2.0 Å in order to avoid the spuriously high bond forces and nonphysical results near the fracture region. 33 In our previous study, 20 we have shown that the fracture strength and fracture strain of monolayer graphene under tension are larger in the zigzag direction compared to that of in the armchair direction. In this study, we only investigate the uniaxial tensile test of graphene along the armchair direction. To investigate the Young's modulus and fracture properties, we perform calculations on a 100.8 Å ϫ 102.2 Å size pristine graphene monolayer ͑3936 atoms͒ with periodic boundary condition along the in-plane two directions. This size is large enough to represent the mechanical properties of an infinitely large graphene monolayer. Starting with a uniformly distributed initial velocity profile, we perform Isothermal-Isobaric ͑NPT͒ simulations at the specified temperature for 200 ps with a time step of 0.1 fs to let the system reach its equilibrium configuration. Then, we perform deformationcontrolled uniaxial tensile test along the armchair direction of the structure by applying the strain rate of 0.001 ps −1 . The pressure component perpendicular to the loading direction is controlled to maintain the uniaxial tensile condition. The strain increment is applied to the structure after every one time step with the step size of 0.1 fs. For each temperature, we run two or three independent loading tests by adopting different initial configurations. The nominal strain, nominal stress and Young's modulus are calculated the same way as described in Ref. 20 .
The stress-strain relations for various temperatures ranging between 300 K and 2400 K are shown in Fig. 1͑A͒ . As shown in the figure, a NLE behavior is observed for graphene. The fracture strength and fracture strain decrease significantly with the increase in temperature. As shown in Fig. 1͑B͒ , the Young's modulus exhibits minor variation with temperature till around 1200 K. Beyond that, the Young's modulus decreases and the material become softer with the increase in temperature. Even at high temperature, e.g., at 2400 K, the Young's modulus of graphene is 0.9 TPa, which is approximately 10% lower compared to the room temperature value. This suggests that graphene, when compared to other materials, can be a strong material even at higher temperatures. The fracture strength of graphene decreases with the increase in temperature. The fracture strength at 2400 K is about 60% lower compared to that at room temperature. Figure 2 shows the variation in tensile strength of graphene with temperature. Comparison is also presented with experimental and numerical data reported in literature for CNT, SiNT, GaNNT, silicon carbide nanowire, silicon nitride nanowire, gold nanowire, Pd-Pt nanowire, and glass silica nanowire. The comparison indicates that graphene, a twodimensional nanomaterial, is one of the strongest material known to date. 18 In order to check the accuracy of the theoretical approximations for fracture strength ͓Eq. ͑8͔͒, fracture strain ͓Eq. ͑9͔͒, and transition time ͓Eq. ͑10͔͒ with the NLE constitutive relation, we use 0 =10 −13 s ͑Ref. 22͒ as the average vibration period of atoms in solid. With the AIREBO potential, the bonding energy and the activation volume show a negligible variation with temperature. Accordingly, we define U 0 = 4.94 eV and ␥ = 8.49 Å 3 , with the assumption of q =1. Since the strain-stress relation has a minor variation with temperature, using the least-squares technique, we calculate a = 1.11ϫ 10 11 Pa and b = 9.69 for the NLE behavior given in ͓Eq. ͑7͔͒. For the LE behavior ͓Eq. ͑3͔͒, we use K = 1.0 TPa. n s = 1.5N is defined as the total number of bonds that can be broken in an N atom system.
Considering two different sizes of the graphene lattice, a small size of N = 60 and a large size of N = 3936, we investigate the variation in the fracture properties with temperature. In MD simulations, the strain rate and time step are defined as 0.001 ps −1 and 0.1 fs, respectively. Figure 3 shows the variation in the fracture strength, fracture strain, and transition time as a function of temperature for the two different system sizes. MD simulation results and the theoretical approximations with both the LE model and NLE model are presented. Clearly, temperature plays an important role as it reduces the fracture strength and fracture strain. The LE theoretical model does not accurately estimate the variation in the fracture strain and transition time with temperature. The NLE theoretical model provides a good estimate of all the fracture properties as the results match reasonably well with the MD simulation results.
For the N = 3936 system, we further investigate the variation in the fracture properties with strain rate at temperatures of 300, 1200, and 2100 K. Figure 4 shows the variation in the fracture properties with strain rate at different temperatures. The comparison between MD results ͑symbols͒ and NLE theoretical model ͑lines͒ are presented. Both the fracture strength and the fracture strain decrease slightly with the decrease in the strain rate at low temperature ͑300 K͒ but the strain rate effect is more prominent at high temperature ͑2100 K͒. Compared to the temperature effect on the fracture strength and fracture strain, the strain rate effect is not significant. The results from the NLE theoretical model agree reasonably well with the MD data.
B. Graphene with slits
As shown in Sec. IV A, pristine monolayer graphene has excellent mechanical properties. However, during fabrication of graphene, defects cannot be fully prevented. 34 Defects typically cause degradation of the mechanical properties. To systematically investigate the effect of defects-especially slits in nanoscale-on the strength and stiffness of graphene, we investigate a 5 nmϫ 5 nm squarelike graphene sheet with a slit shown in Fig. 5 . After initial equilibration of the structure, a strain rate of 0.0005 ps −1 is applied along the armchair direction to perform the uniaxial tensile test. When fracture occurs, the bonds break continuously, along the slit direction starting from the slit tip, till the graphene structure falls apart. The length of the slit ͑2L =2 + nL 0 with n =1,2,3...͒ and the radius of the tip = ͱ 3 / 2L 0 are also shown in the figure. 2w = 5 nm is the finite width of the graphene monolayer along the slit direction. Figure 6 shows the variation in the fracture strength as a function of slit semilength at temperatures of 300 and 1200 K. The analytical approximations from Eq. ͑11͒ with r from Eq. ͑8͒ are also shown for comparison. Clearly, the fracture strength de- creases with the increase in slit length. The theoretical results match reasonably well with the MD results. The variation in the normalized fracture strength with the slit semilength is shown in Fig. 7 . Comparison with the published numerical data for other materials and structures, such as Si, SiC, C, Ge, 35 and single wall CNTs 21 is also shown. While all the materials and structures follow the same variation with slit semilength, graphene shows slightly higher fracture strength and can be considered as one of the strongest materials.
V. CONCLUSION
In this paper, by using MD simulations, we investigated the effects of temperature, strain rate, and defects on the mechanical properties of monolayer graphene by performing the uniaxial tensile test along the armchair direction. We found that the variation in Young's modulus is relatively small ͑within a 10% range͒ for the pristine graphene monolayer when temperature varies between 300 and 2400 K. Compared to the strain rate, temperature, and defects have significant effect on the fracture strength of monolayer graphene. The fracture strength at 2400 K is about 40% of its value at room temperature ͑300 K͒. We have also shown that the results from the NLE theory on fracture strength as a function of temperature, strain rate, and slit length match reasonably with MD data. By comparing the strength of graphene with experimental and simulation data of other ultrastrong nanomaterials/nanostructures, we can conclude that graphene is an exceptionally strong material.
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